Crossed immunoelectrophoresis (XIE) methods were introduced by Laurel1 in 1965 (48,49), modified by Clarke and Freeman (12), and further developed at the Protein Laboratory of the University of Copenhagen (3). These methods are extremely useful for the study of one or more proteins and other antigens occurring in complex mixtures without prior purification. In addition, if antigen purification is undertaken, the methods are powerful tools for monitoring each step in that process (1-3, 49). Quantitative immunoelectrophoretic methods were also adapted to the study of antigenic cross-reactions and for identification and quantitation of precipitating antibodies (1-3). By the use of detergents, hydrophobic membrane-bound antigens also have been quantitatively studied (2, 6).
Crossed immunoelectrophoresis (XIE) methods were introduced by Laurel1 in 1965 (48, 49) , modified by Clarke and Freeman (12) , and further developed at the Protein Laboratory of the University of Copenhagen (3). These methods are extremely useful for the study of one or more proteins and other antigens occurring in complex mixtures without prior purification. In addition, if antigen purification is undertaken, the methods are powerful tools for monitoring each step in that process (1-3, 49). Quantitative immunoelectrophoretic methods were also adapted to the study of antigenic cross-reactions and for identification and quantitation of precipitating antibodies (1-3). By the use of detergents, hydrophobic membrane-bound antigens also have been quantitatively studied (2, 6).
The pattern of cross-reactivity between Pseudomonas aeruginosa and other bacterial species (34) , as well as patterns obtained in a number of subsequent studies of other bacterial species, indicated a close correlation between the number of cross-reactive antigens between bacterial species and their taxonomic relatedness as defined by more traditional methods (8, 9, 11, 13, 14, 16, 18, 20, 22, 23, 27, 30, 32, 34, 41, 42, 45, 46, 49, 51, 54, 56, 57, 60, 62, 64) . The purpose of the present paper was therefore to assess the taxonomic relevance of antigenic cross-reactivity patterns.
MATERIALS AND METHODS
Definitions. Antibodies which cross-react with antigens from different bacterial isolates are those which bind specifically to one or more similar epitopes on the antigens. Antigens carrying such (similar or identical) epitopes are designated cross-reactive antigens.
Production of antigens. The bacteria were cultured on solid media, harvested, mixed with sterile distilled water, sonicated, and centrifuged as detailed previously (39, 40) ; the supernatant was stored in small aliquots at -20 to -30°C * Corresponding author. (37) . The efficacy of antigen production by sonication was tested by agarose gel electrophoresis, which showed several distinct bands, and by measurement of net antigen concentration by refractometry (human immunoglobulin G [IgG] as a reference), which showed concentrations of at least 5 to 20 mg/ml. If it was necessary to culture bacteria on antigencontaining media, a sample of the medium was processed in the same manner as the bacteria and tested by XIE to identify immunoprecipitates in the reference antigenantibody system originating from the medium (28, 40) . Production of antigens was highly reproducible and contained both cytoplasmic and envelope antigens (29, 31) .
Production of antisera. Polyclonal, multispecific, purified immunoglobulin pools of the IgG class were produced by the method of Harboe and Ingild (26) . Antisera were pooled from at least 3 but preferably 5 to 10 rabbits (36, 39) . The immunogen used for each rabbit was 100 pl(0.5 to 2.0 mg) of bacterial soriicate plus 100 pl of Freund incomplete adjbvant given intracutaneously every 4 weeks for 2 months and thereafter every 3 to 4 weeks (26, 36, 37, 40) . Each rabbit was bled (45 ml per rabbit) approximately 1 week after each booster immunization, beginning after the fourth immunization. Generally, the antibody response of the rabbits improved somewhat during the first year but thereafter was stable (36, 50) .
Immunoelectrophoretic methods. The equipment and methods used for electrophoresis are described in detail by Axelsen et al. (3) and Axelsen (2). Barbital or Tris barbital buffers were used (pH 8.6; ionic strength, 0.02 M). After electrophoresis, the gels were washed, pressed, and stained with Coomassie brilliant blue. Glass plates (5 by 5 or 7 cm) or Gel Bond was used as a support for agarose having a low gelling temperature and a low or moderate electroendosmotic value (Indubiose A37; Litex LSM and Marihe Colloids Seakem ME).
XIE and establishment of reference pattetd. The antigen preparation (2 to 5 pl, equal to 30 to 60 pg of protein) was placed in a small well in the agarose for separation during first-dimension electrophoresis at 10 V/cm for approximately 0.5 h, guided by a parallel run of a bromphenol blue-albumin marker. The second-dimension electrophoresis (2 V/cm) took place overnight through the adtibody-containing (15 to 20 pVcin2) second-dimension agarose. Better resolution of the precipitation pattern was obtained when a blank intermediate gel (1 by 5 or 7 cm) was interposed between the firstand second-dimension gels. The precise amount of antigen and antibody used was determined by pilot experiments aimed to produce the highest number of peaks in the precipitation pattern. This pattern was called the reference pattern (2, 3, 40) , and the precipitate lines were enumerated starting from the anodic side ( Fig. 1A and 2A ) and further characterized (2, 6, 23, 39, 40, 55) . Cathode-migrating antigens were not detected by this method unless it was modified (33).
TXIE. Tandem-crossed immunoelectrophoresis (TXIE) was similar to XIE, but an antigen preparation (2 to 5 pl) of the bacterium to be tested for cross-reacting antigens was applied in the same well or in a well 0.5 to 1 cm ahead of or behind the reference antigen preparation ( Fig. 1C and 2C ) (2, 3, 34). Shortly after application of the antigen preparation, the front well, closest to the anode, was sealed by agarose.
XLIE.
Crossed-line immunelectrophoresis (XLIE) was also similar to XIE, but the antigen preparation of the bacterium to be tested was applied in the intermediate gel (20 to 40 pVcm2) ( Fig. ID and 3B ) (2, 3, 34). As controls, two similar gels were run, one with the reference antigen in the intermediate gel ( Fig. 1G and 2E ) and the other with saline in the intermediate gel (blank) (Fig. 1A and 2A) . During the second-dimension electrophoretic run, antigens from the intermediate gel migrated as lines through the seconddimension gel and bound ( b 'absorption in situ") and removed cross-reactive antibodies, leaving only non-cross-reactive antibodies to precipitate with the reference antigens. By comparison of the absorbed reference pattern (crossreacting antigens in the intermediate gel) with the control plate (blank intermediate gel), the number and identity of cross-reactive antigens could be established. The other control plate with the reference antigen in the intermediate gel was used to check that the conditions of the experiments, e.g., temperature of the agarose used for mixing with the antigens, were adequate. A surplus of antigens in the intermediate gel, eriough to allow the homologous antigenantibody complexes to migrate beyond the reference pattern, was necessary. Frequently, additional experiments with lower concentrations of reference antigen and antibody and higher concentrations of test antigen preparation in the intermediate gel were necessary to detect and identify all cross-reacting Bntigens.
Cross-reactions detected were either complete (100%; i.e., the precipitate completely disappeared [ Fig. 1D and 3B]) or partial ( 4 0 0 % ; i.e., the area under the precipitation lines increased [ Fig. l F , and also see Fig. 5B1 ). In such cases, the degree of cross-reactivity cauld be semiquantified by running a series of reference control plates with decreasing 'amounts of reference antibody in the second-dimension gel 1(34,39) (see Fig. 6 ). The increased area under a precipitation line, after absorption in situ, was then compared with control plates to establish, by interpolation, the degree of crossreactivity of an antigen. All experiments were carried out at I east twice, and only reproducible results were considered significant.
Sensitivity of the XLIE method for detection of crossreactivity between antigens was examined by a series of XLIE gels with decreasing amounts of the reference antigen iri the intermediate gels. The smallest amount of a given antigen which still gave rise to a detectable change in the reference pattern was a measure of the sensitivity of the XLIE method (expressed in micrograms per square centimeter).
XIE-Ab. XIE with an intermediate gel containing antibodies against a cross-reacting bacterial species (XIE-Ab) (2, 3, 35) was similar to XIE, but antibodies raised against a bacterial species other than that in the reference system were applied in the intermediate gel (20 to 40 pl/cm2) ( Fig.  1H and Fig. 2D) . A control plate was run with a blank intermediate gel (Fig. 1A and 2A) . If antibodies to crossreactive antigens were present in the intermediate gel, then the corresponding reference antigens were precipitated there. Depending on the titer of the antibody in the intermediate gel to a particular antigen, the corresponding precipitation line of the reference pattern would be absent (moved down into the intermediate gel) and/or the area under the precipitation line would be diminished compared with the control. This was an indirect method for detection of crossreactivity between antigens which did not allow (semi)quantitation of the degree of cross-reactivity, as with XLIE (see Fig. 6 ).
This method could potentially give misleading results since the rabbits used to prepare the antiserum placed in the intermediate gel could have "natural" or infection-induced antibodies against the reference bacterium (28). Such precipitins not induced by the test bacteria in question could be detected by a control experiment: XLIE with the reference antigen preparation in the first-dimension gel, test bacterial antigen preparation in the intermediate gel, and test antiserum in the second-dimension gel (see Fig. 7A , B, and C and 8A, B, C, and D). If the precipitation line in question did not disappear by the absorption in situ experiment, then it was unrelated to the test bacterium in question. Alternatively, preimmune rabbit serum could be placed in the intermediate gel to check for preexisting, naturally occurring antibodies to the reference antigens. Such controls were, however, less reliable if the bleedings were obtained after several months of immunization, since infection-induced antibodies could have been raised.
Measurement of cross-reactivity of antigens. The degree of cross-reactivity was measured b y a series of XIE and XLIE experiments (34) (ii) XIE of the test bacterial antigen preparation against the reference antibody was performed ( Fig. 1B and 2B ). This plate was used to count the number of precipitation lines, which presumably equaled the number of cross-reactive antigens (viz., experiments iii and v below). (iii) XLIE was performed, using the reference system with the test bacterial antigen preparation in the intermediate gel to count and identify the number of crossreactive antigens ( Fig. 1D and 3B ) and, by comparison with a series of reference XIE plates having decreasing amounts of reference antibody in the second dimension, to semiquantify the degree of cross-reactivity of each antigen (see Fig. 6 ). The latter was not always possible if the number of cross-reacting antigens in the test bacterium was very high. (iv) XLIE was performed as described above but with a reference antigefi preparation in the intermediate gel as a positive control to check the experimental conditions ( Fig.  1G and 2E ). (v) XLIE was done with the test bacterial antigen preparation in the first dimension, reference antigen preparation in the intermediate gel, and reference antibody in the second-dimension gel (see Fig. 7D , E, and F and 8E, F, G, and H) to check that all of the presumptive cross-reactive antigens from the gel (experiment ii above) were found in the reference system. TXIE and XIE with test antiserum in the intermediate gel ( Fig. 1C and 2C ; 1H and 2D) were not routinely employed for cross-reacting antigen detection.
MC. Taxonomic relatedness between the test and the reference bacteria was expressed as the matching coefficient (MC) (15, 43) ; i.e., the number of cross-reactive antigens divided by the total number of antigens of the reference system. The numbers used to calculate the MC were either the highest number of precipitation lines revealed in all the experiments carried out by using different antigen-antibody concentrations, or the number detected in one series of experiments carried out simultaneously which yields similar MCs (4).
Selection of bacteria for taxonomic study of cross-reactions. The bacteria used in previously published studies were characterized in the respective references (17, 21, 23, 31, 34, 41, 56, 57) . Well-characterized strains from culture collections and clinical isolates generally have been included. The reason for including clinical isolates was that the original purpose of these studies was to detect species-specific and cross-reactive antibodies in sera from patients. Since culture collection strains may have lost important virulence factors, such as capsular antigens, it was decided also to include fresh (only a few subcultures) clinical isolates in the reference antigen preparations. There could be a risk that rabbits immunized with sonicates containing a large number of antigens were able to respond to only a limited number of them. We investigated this by immunizing a group of five rabbits with a mixture of Staphylococcus aureus and P . aeruginosa sonicates and two other groups of rabbits with either S . aurei4s or P . aeruginosa sonicates, respectively.
RESULTS
Reference patterns were reproducible. The coefficient of variation of the number of precipitate lines and the area enclosed under the lines were 8 and 6% on the same day and 11 and 15% between days, respectively (33, 39) . Only minor changes in the reference pattern occurred when antibody pools were changed (36) . All S . aureus and P . aeruginosa antigens detected by antibodies from the two correspondingly immunized groups of rabbits were also detected by antibodies from rabbits immunized with the pooled sonicates from both organisms.
Figures 1 and 2 to 5 show the principles and examples of dctecting cross-reactive antigens in different bacteria. To simplify the picture, only three precipitation lines of the complex pattern in Fig. 2A are shown in the reference system of Fig. 1A . Figure 1B shows that one strong precipitation line is visible when antigens of the test bacterium (X) are run against the reference antibody. If this antigen crossreacts 100% with antigen no. 1 of the reference system, then TXIE shows a reaction of identity (Fig. lC) , and XLIE shows complete absorption in situ of antibodies against antigen no. 1 (Fig. 1D) . If the cross-reaction is partial (<loo%), then TXIE shows a reaction of partial identity, with spur formation (Fig. lE) , and the XLIE shows that only the cross-reactive antibodies have been absorbed in situ, leaving only non-cross-reactive antibodies to precipitate antigen no. 1. As the total concentration of antibodies which precipitate antigen no. 1 is decreased after absorption of the Cross-reactive antibodies, the area under the precipitation line no. 1 has increased (Fig. 1F) . The degree of cross- reactivity between an antigen from bacterium X and antigen no. 1 was determined by means of an experiment similar to that shown in Fig. 6 below. The technical conditions of the experiment were checked by the type of gel shown in Fig. lG, which shows that all antigens employed in the intermediate gel tolerated the manipulation and mixing with agarose. These principles are exemplified in Fig. 2A , B, and C, 3B, 4C, 5B, and 2E. In the P. aeruginosa reference pattern, the sensitivity for detection of cross-reactivity between antigens was 3 to 6 pg (of protein per cm2, which was 0.5 to 1.0% of the amount normally applied in the intermediate gel.
If the number of cross-reactive antigens between bacterium X and the reference system was rather high, then the number of cross-reactive antigens were easier to determine by the series of electrophoreses gels shown in Fig. 1A and B (see also Fig. 7D ), 7E and F, and 8F and H. The number of presumptive cross-reactive antigens is equal to the number of precipitation lines in Fig. lB , provided they are all absorbed in situ in the XLIE gel (Fig. 7F ). Precipitation lines which were not absorbed in situ (Fig. 7E) were subtracted from the number of presumptive cross-reactive antigens counted in Fig. 1B . These principles are exemplified in Fig.  2A and B and SE, G, F, and H. Determination of cross-reactivity by means of antibodies raised against the test bacterium X were used less, but the series shown in Fig. 7A , B, and C was sometimes employed. Cross-reactive antibodies in Fig. 7A were confirmed by the in situ absorption experiment shown in Fig. 7C , whereas the result in Fig. 7B disproves antigenic cross-reactivity . The experiment shown in Fig. 7H was used, in addition to the experiments shown in Fig. 7A , B, and C, to identify the cross-reactive antigens or antibodies as specifically enumerated precipitation lines of the reference XIE pattern. These principles are exemplified in Fig. 8A , B, C, and D and 2D. Table 1 illustrates results obtained by the techniques described above. MCs with the Salmonella typhi XIE system were high among closely related bacterial taxa (20.95 with other Salmonella species) and low (10.08) among taxa outside the family Enterobacteriaceae. The similarity of 28 phenotypic characteristics (biochemical and physiological tests) used to identify clinical isolates of Enterobacteriaceae (Table 1) 0.42, 0.17, and 0.25, respectively (21). Legionella pneumophila and related groups of bacteria have also been subjected to XIE analysis and cross-reaction studies (17, 18) . The MCs obtained by these methods showed taxonomic relatedness which agrees with the results of DNA homology studies (Table 3) . When reciprocal cross-reactions obtained by use of two XIE reference systems were compared, only minor differences in the number of cross-reactive antigens were found (Table 4), the highest being four. The difference between the corresponding MCs was, however, enlarged in one instance: the highest number of cross-reactive antigens, 13, occurred in a reference system with one of the lowest number of reference system precipitation lines, 41 ( H . influenzae versus S. typhi).
DISCUSSION
Analysis of primary gene products, peptides or proteins, has been used extensively to study phylogenetic relatedness among eucaryotes (24, 55). The methods employed have involved purification of homologous, isofunctional proteins (e.g., enzymes) and production of pools of monospecific INT. J. SYST. BACTERIOL. polyclonal antisera by immunization of four rabbits for at least 3 months (15) . By means of quantitative microcomplement fixation or quantitative precipitation techniques it has been established that protein antigens do not cross-react unless they are homologous, isofunctional, and of common phylogenetic origin (19, 52, 53, 55, 63). Polysaccharides (secondary gene products) are not useful for taxonomic purposes, since cross-reactions are common between polysaccharide antigens from entirely unrelated organisms due to accidental structural similarities (44). The degree of crossreaction between proteins is inversely correlated with the number of amino acid differences between them, and crossreaction is detectable until 30 to 40% of the amino acid sequence is substituted (53, 55). Use of purified proteins (enzymes) for study of genetic relatedness among procaryotes has shown similar results (15, 55). When multiple enzymes were used to determine evolutionary relationships, consistent results were generally obtained (5, 10) . Furthermore, a linear correlation between immunological distance and percent deoxyribonucleic acid (DNA)-ribosomal ribonucleic acid homology down to a homology value of 50 to 45% was found ( 5 ) , and a 98% agreement of enzyme immunological similarity and DNA homology in P. jluorescens strains was reported (10).
Use of XIE techniques for taxonomic purposes is essentially a similar approach, which, however, requires neither purification of proteins nor identification of antigens or their Includes Legionella, Fluoribacter, and Tatlockia species (7, 25).
(7).
function. When reference antigens are produced, it is theoretically important, but in practice not mandatory, to use antigen preparations from a number of isolates representing all serogroups or types of the species in question, and to produce a pool consisting of a mixture of equal amounts of each preparation. Obviously, that is not always possible. It has been our experience that group-and type-specific antigens are very few and are not among the widely crossreactive antigens. Thus, the MCs are influenced very little by the lack of a few type-or group-specific antigens in an XIE reference system. In all XIE reference systems investigated, the vast majority (>90%) of antigens have been proteins (17,  21, 22, 28, 30, 33, 56, 57) ; thus, accidental cross-reactions TXIE was generally not as useful as XLIE for detection of cross-reacting antigens because the high number of antigens present permitted detection of cross-reactjvity only if the antigen in question is very prominent or precipitates at the extreme anodic or cathodic side of the pattern.
'The main advantage of XIE techniques for taxonomy is that they allow simultaneous study of cross-reactivity between at least 40 to 90 antigens, depending on the complexity of the reference system, by simply counting precipitation lines. Since results of MC when used to describe genetic relationships between taxa correlated well with studies of nucleic acid relatedness, these methods may serve as additional valuable tools for taxonomic studies.
A number of additional advantages of the XIE methods can be listed. If an antigen of a reference system proves to be interesting, e.g., because of cross-reactivity with a wide range of taxa, XIE methods are powerful tools for monitoring purification of the antigen (58, 59) . Likewise, XIE methods are useful for studying the antibody response to that antigen by animals or humans (39).
In conclusion, our studies have shown that the XIE methods are useful tools for taxonomy and that such studies may be used directly for purification of phylogenetically important antigens and for the study of the antibody response to such antigens.
